Linkage disequilibria between pairs of 8 polymorphic enzyme loci (aGpdh, Mdh, Adh, Pgm, Odh, in some 100 natural population samples of Drosophila melanogaster were examined. The estimates of linkage disequilibrium were made from zygotic frequencies. The magnitude of linkage disequilibria are small and similar to those in previous reports. Variation in linkage disequilibrium among related subpopulations was analysed by analysis of variance of the correlation coefficients. Despite the small absolute value of linkage disequilibrium there is a suggestion of a correlation among related subpopulations. The magnitude of linkage disequilibrium was observed to be positively correlated with linkage. Two cage populations were observed to demonstrate large amounts of linkage disequilibrium between closely linked loci in contrast to the situation in natural populations. This is attributable to the finite sizes of these cage populations.
INTRODUCTION
Over the past ten years interest in linkage disequilibrium between polymorphic allozymes has spawned several studies of natural populations of Drosophila melanogaster (Oharlesworth & Charlesworth, 1973; Kojima, Gillespie & Tobari, 1970; Langley, Tobari & Kojima, 1974; Langley, Ito & Voelker, 1977; Mukai, Mettler & Chigusa, 1971; Mukai, Watanabe and Yamaguchi, 1974; Mukai & Voelker, 1977; Voelker, Mukai & Johnson, 1977) . The conclusions of these studies vary with authors, but the data consistently indicate a simple picture. There is little observable linkage disequilibrium between allozymes. The magnitude of the correlation between allozymes is of the order of what would be expected by sampling. Occasionally individual instances of linkage disequilibrium have been observed. These are sporadic and never consistent in time or space. This result is unfortunately reconcilable with several models of population genetics. If the observed linkage disequilibria had been large, the possibility of discriminating between epistatic natural selection and random genetic drift would have been available. Since natural populations of D. melanogaster seem to be large and nearly in Hardy-Weinberg equilibrium, strong and consistent linkage disequilibria would have suggested epistatic selection. Only historical effects would be available as an alternative explanation.
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The description of allozymic linkage disequilibria does not appear to be critical at this point in the evaluation of the adaptive significance of molecular genetic variation. Nevertheless, it is important to document those properties that can feasibly be measured. Perhaps the picture will stimulate the development of new hypotheses that can be tested.
Here we report a survey of linkage, disequilibria among eight polymorphic allozymes in natural populations of D. melanogaster. The novel properties of this study are that linkage disequilibria are estimated from genotypic, rather than gametic data, and that the number of population samples is large (more than 100). The conclusions of this report, with respect to linkage disequilibrium in general, are similar to previous reports. There are, however, several interpopulational relationships that are seen for the first time.
METHODS
We have previously (Smith, Langley & Johnson, 1978) described the collections of D. melanogaster with which this paper deals. The collections (termed subpopulations) are samples of wild-caught flies from various locations throughout North Carolina and the East Coast of the United States during the years of 1970, 1971, 1972 and 1973 . Each subpopulation consists of the flies collected from banana bait traps several metres apart over a period of several days. Subpopulations were grouped into 'regions' when they were collected in the same month near the same city or town. Thus, regions are both temporal and spatial subdivisions. The collection, electrophoresis, and histochemical staining methods, and sampling localities were described previously (except for the Maine cage). The Maine cage was founded in 1971 and maintained in discrete generations (approximately 14 days). It suffered no obvious bottlenecks in population size. Samples were taken in June (twice), August, and October of 1973 and twice in February of 1974. The eight polymorphic loci are distributed on the second and third chromosomes: chromosome II -aGpdh (map position 20.5), Mdh (37.2) and Adh (50.1); chromosome III -Est-6 (36.0). Pgm (43.0), Odh (49.2), Est-G (51.7) and Acph (101.1) (O'Brien & Mclntyre, 1976) . Rarer alleles were pooled because all the loci have one predominant allele and usually only one other allele of any significant frequency. Multi-allelic analysis would be considerably more complicated and render little increase in information. Only those samples with 50 individuals or more at both of the two loci in question were included in the analysis. Copies of the raw data are available upon request.
The analysis of linkage disequilibrium from zygotic frequencies can be done in several ways. One can set all deviations from random assortment to zero except D, the coefficient of linkage disequilibrium, and utilize maximum likelihood techniques. This approach has been suggested by TTili (1974) , who also developed an algorithm for obtaining the maximum likelihood estimate. A second approach suggested by P. Burrows (personal communication) and Cockerham & Weir (1977) is simply to estimate the overall covariance of nonallelic genes in individuals. This
Linkage disequilibria between allozyme loci 217 method makes no assumptions about inbreeding or higher order deviations from random assortment. We define A = H*/(S) + 2/(g) + 2/(g) +/(JJ) + / Q } -2^ = Z> + T, where D is the coefficient of linkage disequilibrium (covariance between nonallelic genes within gametes) and T is the covariance between nonallelic genes in uniting gametes. p x and p 2 are the allele frequencies of the ' 1 ' alleles at the two loci, respectively./(ID is the frequency of double homozygotes for the ' 1 ' alleles. /(Ji) is the frequency of zygotes heterozygous at the first locus and homozygous at the second locus for the ' 1 ' allele. One half this sum of zygotic frequencies minus its expectation under random assortment gives the overall covariance of non-allelic genes within zygotes. We have chosen to use this latter estimate of 'linkage disequilibrium'. The primary reasons are that the assumption of no inbreeding is apparently unwarranted and the difference in efficiency of this estimator and that of Hill (1974) is not large for the small values of D observed in our data (Cockerham & Weir, 1977) . In our analysis of single locus'gene frequency variation from these data, we observed an apparent correlation of alleles within individuals within samples (inbreeding coefficient) of +0-033 (Smith, Langley & Johnson, 1978) . Since this correlation is much larger in magnitude than our estimated correlation among nonalleles, we hesitate to assume it is zero in estimating linkage disequilibrium. A test of A = 0 is where X 2~x2 with one degree of freedom (Cockerham & Weir, 1977) . N is the number of zygotes in the sample. A normalized parameter that we propose is fl = A/2 N /{p 1^32 ((l -p x )}{^ -p 2 )-If T = 0 this corresponds to one half the correlation of nonalleles in gametes. Note, however, R is in general bounded by -1 and 1 and is, therefore, best thought of as the average correlation of nonalleles in zygotes.
The first question that might be asked is whether the individual R k = 0 (k indexes the &th subpopulation). Since the associated X% has one degree of freedom the mi simple sum over all populations 2 -XI-= %T is the appropriate test statistic with m 1 degrees of freedom (Koziol & Perlman, 1977) . m 1 is the number of subpopulations. Any nonrandomness detected by this test may be due to an average R k that is nonzero or it may indicate variation in R k . To analyse this we propose a weighted analysis of variance (where weights, 4J$ ik , are the reciprocals of sampling variances). Normally R k should be transformed, but the variance of R k is sufficiently small in this case that the transformation was neglected. Since some of our subpopulations were collected in the same region in the same month, the analysis is nested and unbalanced. Table 1 shows the analysis of variance scheme. m 1 is the number of subpopulations and m 2 is the number of regions (sets of subpopulations from the same month and local area). Notice that the weighted mean sums of squares correspond to partitions of X%. The squared weighted mean of R k times the total JV,,. = the total number of individuals in the kth subpopulation of the ith. with one degree of freedom tests the hypothesis: -^ = 0. The analysis of variance scheme in Table 1 also estimates a A and <r AB assuming that the unestimable sampling effect is N (0, l/4.N ik ). a A is the variance component of B k attributable to difference between subpopulations from different regions or different times (months or years). The weighted mean sum of squares for the A level is a partition of X% with ra 2 -1 degrees of freedom. The statistical significance of this partition of X% does not reflect on the significance of a <x A component since the cr\ B component (subpopulation to subpopulation variation) is also involved in this x 2 -A tes* of er^ = 0 is the usual F ratio test with (m 2 -1) and (m x -m 2 ) degrees of freedom (see Table 1 ). This tests the significance of the variation at the A level over that attributable to & AB .
<r AB is the component of the variance in R k attributable to the differences between subpopulations (same region, same month). If (T AB = 0, then the weighted mean sum of squares at the AB level is X 2 ~ x 2 with m x -m 2 degrees of freedom. If the F ratio test of <r\ = 0 is not significant, the X 2 's for the A and AB levels can be pooled to test <r A + (r AB = 0. This can be done by comparing the total weighted mean sum of squares to a x 2 with m x -1 degrees of freedom. In the tables of analysis the outcome of tests of B k = 0, <r A = 0, and a AB = 0 are indicated by asterisks. The tests were performed as outlined above. a A and cr AB are reported rather than cr A and a\ B so that the scale is the same as that for M. Often a A and a AB might have actual numerical estimates which are negative, in which case 0-0 is reported.
Other information reported in these tables is the numbers of subpopulations, m x ; the numbers of sets of concurrent subpopulations from the same regions, m 2 ; four times the average number of individuals, 4Z\f; the unweighted average allele frequencies, p t and p z ; the unweighted correlation of allele frequencies over subpopulations, r PiPt ; Jl; <r A ; a AB and the percent effective recombination, r e . r e is calculated by assuming no recombination in males or chromosome arms heterozygous for polymorphic inversions. The assumed inversion frequencies are based on estimates from Voelker et al. 1978 . r PlP2 is the product-moment correlation among all subpopulations. The test of r PlPt = 0 is by standard i-test and statistical significance is indicated by the asterisks. In Tables 4 and 5 of the data sets there are no hierarchical analyses so only M and cr c are reported (see Table 1 ). The tests of fl and o"c = 0 in those cases are analogous to those described above.
3. RESULTS Table 2 shows the results of the analysis of 102 subpopulations collected in North Carolina over a four year period (hereafter N.C.). The upper portion shows linked loci and the bottom, unlinked loci. Most noteworthy is the comparison of Est-6 and Pgm that shows highly significant ll= -0-0209, r PiPs = -0-02, a significant cr A -0-03 and a <r AB not different from zero. Considering the number of tests, Table 3 shows the results of the analysis of 30 subpopulations from Florida to Maine (hereafter E.C. for East Coast). There is again only one striking comparison, Est-G x Odh. Although JR is not significantly different from zero, the highly significant cr A indicates regional variation in R. Est-G x Odh are also correlated in population frequencies. Est-6 x Est-C shows a highly significant cr AB . The aGpdh x Adh r piVi is + 0-54 which is highly significant. Strong gene frequency correlations are also present between aGpdh. x Mdh and Est-G x Acph. Among the unlinked pairs of loci from the E.C., several show gene frequency correlation. Mdh xAcph are the only significant results for R, cr A , or cr AB , but this is due solely to small expected values and thus non-normal behaviour of R k . The r e values in Table 3 were calculated assuming no inversion heterozygosity, since the frequencies vary substantially over the East Coast. Table 4 shows the results of the analysis of 15 indoor subpopulations collected in warehouses, factories and markets in North Carolina. aGpdh x Adh show a significant amount of variation in fl h as does Est-6 x Est-C. M for Pgm x Odh is significantly different from zero. For two of the unlinked pairs of loci, M is significantly different from zero. There are four cr c that appear nonzero. The only similarity between the indoor collections and the N.C. subpopulations is in Est-6 x Est-C; variation in R k among the population samples is not statistically significant. Since there are so few nonzero estimates in both sets, any meaningful differences are not apparent. Table 5 shows the analysis of the Miami population cage samples. All of the comparisons with effective recombination (r e ) less than 3-0 show significant ^. The only other result of interest among the linked comparisons is Est-6 x Est-G. In this case the mean is not different from zero but the individual subpopulations vary significantly. One unlinked comparison shows significant R, Mdh x Est-C. In general, the unlinked pairs show about what one would expect by sampling while the linked pairs show strong linkage disequilibria. Table 6 shows the analysis of the Maine cage. This cage is of interest since it can be expected to have a low frequency of inversions (inversions are virtually absent in Northeastern populations). Acph and Odh are nearly fixed in several samples. There are four highly significant M's among the linked comparisons. Again, these are between the more tightly linked loci (r e < 8). The unlinked comparisons show little association except perhaps M for Adh x Est-C.
The overall impression is that the cage populations contrast strongly with natural populations. The cage populations demonstrate strong mean linkage Linkage disequilibria between allozyme loci 227 disequilibria that are asociated with tight linkage. ' The reasons for these contrasting situations are unknown, but several possibilities can be eliminated. These will be discussed below.
4. DISCUSSION The face value results of this study are twofold. First, the magnitude of linkage disequilibrium between allozymes is small in natural populations of D. melanogaster. This result is not surprising since it is consistent with previous studies (see Langley, 1977 for review). The second direct observation of interest is that linkage disequilibrium is large in laboratory cage populations. Although this conclusion is not based on extensive data, the observation does suggest fundamental differences between the structure of cage populations and natural populations.
The magnitude of M k between allozymes in natural populations of D. melanogaster is indeed small. In fact, we might question whether the observed S's, <r A s and o~A S 's axe due to experimental error. Several lines of evidence suggest something beyond experimental error.
Linked loci do show more linkage disequilibria than the unlinked. The summed across pairs of loci X% for the test ^ = 0 is 26-5 with 13 degrees of freedom for the linked loci while for the unlinked the summed X& = 14-1 with 15 degrees of freedom (N.C. data). This result is not as strong as we might like since only one of the x 2 ' 8 in the linked group (Est-6 x Pgm, x 2 = 13-8) makes the difference. Neither the sum of X% for linked or unlinked loci is significant for E.C. subpopulations.
The analyses in Tables 2 and 3 show <r A is greater among linked comparisons. Rank correlation analyses of a A with r e indicated that the association is indeed negative for the linked comparisons of the N.C. ( -0-320, P < 0-16), E.C. ( -0-352, P < 0-12) and the combined (N.O. plus E.C; -0-336, P < 0-03). When the unlinked loci (r e = 50) are included the correlations are still negative and this pooled analysis is significant (P < 0-02).
The rank correlation of cr AB and r e (for N.C. and E.C.) suggest a positive association. The rank correlations for linked or all comparisons of the N.C. or E.C. sets of comparisons are all positive but only the combined set is significant (P < 0-05). One apparent conclusion is that pairs of linked loci show more covariance between related samples than unlinked loci. This again is consistent with most models of multilocus behaviour. It also suggests that the excess (over sampling effect) variance, cr AB , is biologically real.
The cage data cannot show this last effect. a%, the variance of & k in time, is greater for linked loci than unlinked. This is largely due to significant directional changes in fi k . Since fl k is large in magnitude for linked loci, changes in & k will lead to a larger variance. Actually, <TQ is analogous to cr A of the N.C. and E.C. collections since it reflects temporal changes and not differences between geographically similar and temporally identical subpopulations. Furthermore, the H's do show a strong relationship to linkage. The overall picture from these limited cage data is that linkage increases the magnitude of linkage disequilibria. Linkage disequilibria in cages is greater than that in natural populations and nothing can be said about assuming an effective population size less than 1000 (the approximate census number). Considerable correlation between loci over populations was observed within North Carolina and over the East Coast. These are indicative of several well recognized clines discussed elsewhere Schaffer, 1973 and Voelker et al. 1978) .
In summary, we may conclude that there is little linkage disequilibrium between polymorphic allozyme loci in natural populations of Drosophila melanogaster. Two cages do show considerable linkage disequilibrium but it can be attributed to random genetic drift. The little linkage disequilibrium we can observe in natural populations is consistent with most models in that it increases in magnitude with linkage. These results cannot be taken as evidence against any of the more popular models of maintenance and interaction of genetic variation. Qualifying factors such as the sample sizes and ambiguity in molecular genetic interpretations of allozymic differences could allow consistency with selective models.
